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INTRODUCTION
Microbial plant pathogens face a multilayered system of inducible defense responses. A crucial first step in plant disease resistance is the perception of pathogens at the cell surface by membrane-localized pattern recognition receptors (PRRs). These receptors perceive pathogen-associated molecular patterns (PAMPs) and activate intracellular defense signaling cascades that result in PAMPtriggered immunity (PTI; Jones and Dangl, 2006; Couto and Zipfel, 2016) . PAMP-triggered basal immune responses usually serve as a sufficient protection against nonadapted pathogens. Host-adapted pathogens secrete effector molecules to evade PTI and cause effector-triggered susceptibility (ETS). Plants have evolved intracellular Resistance (R) proteins, most of which are nucleotide-binding/ leucine-rich repeat immune sensors (NB-LRRs or NLRs) that directly or indirectly recognize the presence of effector molecules and activate effector-triggered immunity (ETI; Jones and Dangl, 2006) . NB-LRR receptors are the most common class of R proteins and typically contain either a coiled-coil (CC) or toll/interleukin-1 receptor (TIR) domain at the N terminus (Maekawa et al., 2011) . Signals from activated TIR-NB-LRRs (TNLs) usually converge on the nucleocytoplasmic defense regulator EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1), whereas CC-NB-LRR (CNL) signaling requires the plasma membrane-localized NDR1 (NON-RACE SPECIFIC DISEASE RESISTANCE 1) (Aarts et al., 1998; Feys et al., 2005) . Significantly, the balance of EDS1 present in the cytosol and nucleus is important for efficient basal resistance and TNL-triggered immunity (Garcia et al., 2010; Heidrich et al., 2011) . Also, several R proteins such as the EDS1-dependent RPS4 (RESISTANCE TO PSEUDO-MONAS SYRINGAE 4), and the auto-active TNL variant SNC1 (suppressor of npr1-1, constitutive 1), are nucleocytoplasmic proteins that function inside the nucleus (Wirthmueller et al., 2007; Cheng et al., 2009; Zhu et al., 2010; Heidrich et al., 2011) .
The exchange of macromolecules across the nuclear envelope (NE) depends on highly regulated import and export processes through nuclear pore complexes (NPCs; Meier and Somers, 2011) . These supramolecular protein assemblies create tunnels that span the NE, and are composed of multiple copies of~30 nucleoporin proteins (Nups) that form distinct subcomplexes assembled in an eightfold symmetry (Alber et al., 2007; Tamura et al., 2010; Hoelz et al., 2011; Tamura and Hara-Nishimura, 2013) . Selective transport through NPCs is regulated by intrinsically disordered FG-repeat Nups [named after hydrophobic phenylalanine-glycine (FG)-rich motifs] that line the inner side of the NPC and only allow small soluble molecules and proteins of less than~40-60 kDa to translocate through nuclear pores by passive diffusion (Wang and Brattain, 2007; Schmidt and G€ orlich, 2016) . The transport of larger proteins across the NE is usually aided by nuclear transport receptors (NTRs) of the karyopherin family that recognize localization signals on their cargos. For nuclear protein import, a ternary complex is formed between an importin-a that binds to nuclear localization signals (NLSs) of cytoplasmic cargo proteins via its armadillo (ARM) repeat domain and bridges the interaction to importin-b through its N-terminal auto-inhibitory importin-b-binding (IBB) domain (Kobe, 1999; Harreman et al., 2003; Cook et al., 2007; Marfori et al., 2011; Chang et al., 2013) . The best-characterized NLSs are basic lysine (K)/arginine (R)-rich sequences that can be monopartite with the consensus sequence [K(K/R)X(K/R)] or bipartite [(K/R)(K/R)X 10-12 (K/ R) 3/5 ] (Chang et al., 2012; Marfori et al., 2012) . Active transport of the trimeric import complex across the NPC is mediated by the ability of importin-b to interact with FGNups (Terry and Wente, 2009 ). On the nucleoplasmic side of the NPC, binding of the small GTPase Ran in its GTPbound form to importin-b results in the dissociation of the IBB domain of importin-a from importin-b. The auto-inhibitory IBB domain in turn binds to the ARM-repeat domain to displace the cargo from importin-a for release into the nucleus (G€ orlich et al., 1996; Moroianu et al., 1996; Harreman et al., 2003) . After dissociation of the import complex and cargo release in the nucleus, importin-b bound to Ran-GTP is recycled to the cytoplasm, whereas importin-a interacts with the RanGTP-bound export receptor Cellular Apoptosis Susceptibility protein (CAS) for the recycling of cargo-free importin-a back to the cytoplasm. In the cytoplasm, Ran GTPase-activating protein (RanGAP) stimulates GTP hydrolysis on Ran to release the importins for another import cycle. Ran-GDP is returned to the nucleus by NUCLEAR TRANSPORT FACTOR 2 (NTF2), where it is converted back to Ran-GTP by Ran guanine nucleotide exchange factor (RanGEF; Ribbeck et al., 1998; Zhao et al., 2006; Stewart, 2007) .
In Arabidopsis, the nuclear transport receptor IMPOR-TIN-a3/MOS6 (MODIFIER OF SNC1, 6) was identified in a forward-genetic screen for suppressors of autoimmune responses activated in the deregulated TNL R gene mutant snc1 (Palma et al., 2005) . MOS6 is one of nine predicted aimportins in Arabidopsis, and is required for full basal resistance to Hyaloperonospora arabidopsidis (Hpa) Noco2 and to mildly virulent Pseudomonas syringae pv. tomato (Pst) DC3000 lacking the effector proteins AvrPto and AvrPtoB (DAvrPto/AvrPtoB; Palma et al., 2005; Wirthmueller et al., 2013 Wirthmueller et al., , 2015 . The identification of mos6 as a genetic suppressor of snc1 autoimmune phenotypes together with the enhanced disease susceptibility of mos6 single mutants suggest that MOS6 imports cargo proteins involved in cellular defense signaling into the nucleus (Palma et al., 2005 (Palma et al., , 2009 ). However, MOS6-mediated resistance has only been characterized genetically so far (Palma et al., 2005) , and cargo proteins of MOS6 that mediate resistance against pathogens have not yet been described.
Here, we aimed to identify and characterize defenserelated cargo proteins and interaction partners of MOS6. To address this, we (i) explored the Arabidopsis Interactome 1 (AI-1) and Plant-Pathogen Immune Network 1 (PPIN-1) databases (Arabidopsis Interactome Mapping Consortium, 2011; Mukhtar et al., 2011) , and (ii) affinitypurified epitope-tagged functional MOS6 from Hpa Noco2-infected stable transgenic mos6-1 plants in order to identify in planta MOS6 transport complexes by mass spectrometry (MS). Our reverse-genetic analyses of 13 MOS6 interactor candidates revealed that mutations in At 3g04210 encoding the TIR-NBS protein TN13 lead to impaired resistance against Pst DC3000 with reduced effector repertoire (DAvrPto/AvrPtoB). TN13 localizes to the endoplasmic reticulum (ER) when expressed transiently in N. benthamiana and co-immunoprecipitates with MOS6, but not with its closest homolog IMPORTIN-a6. Our findings demonstrate a previously unknown involvement of the MOS6-interacting protein TN13 in plant innate immunity.
RESULTS

Identification of MOS6 interaction partners
The Arabidopsis nuclear protein import receptor MOS6/ IMPORTIN-a3 is required genetically for constitutive disease resistance activated in the autoimmune mutant snc1, and contributes to basal plant immunity in wild-type plants (Palma et al., 2005; Wirthmueller et al., 2015) . This suggests that MOS6 recruits defense-regulatory proteins destined for active nuclear import to the nuclear transport machinery. Therefore, we sought to identify and characterize MOS6 cargo substrates and interaction partners involved in plant defense signaling. For this purpose, the yeast two-hybrid based AI-1 and PPIN-1 databases (Arabidopsis Interactome Mapping Consortium, 2011; Mukhtar et al., 2011) were used for an in silico search of MOS6 interaction candidates and yielded 73 proteins (Appedix S1, 2012 status). For further functional analysis, MOS6-interacting candidates were selected based on the following criteria: (i) selective interaction with MOS6 but no other importin-a family member in AI-1/PPIN-1; (ii) presence of a predicted NLS in the amino acid sequence; (iii) prediction of subcellular localization in the nucleus and/or cytoplasm; (iv) transcription in rosette leaves (i.e. the tissue where MOS6 contributes to basal resistance against Hpa Noco2 and Pst DC3000 (DAvrPto/AvrPtoB); and (v) indication for an involvement in plant immune responses. Based on these selection criteria, five candidate MOS6 interactors were selected for functional characterization [Appendix S1 (bold); Figure 3a] .
In addition to this in silico approach, an affinity purification of in planta-expressed MOS6 coupled with a subsequent analysis of purified protein complexes by SDS-PAGE and MS was carried out. For this, we stably expressed MOS6 with a C-terminal 3xHA-StrepII affinity tag (MOS6-3xHA-SII) in the mos6-1 mutant under the control of 1.5 kb of native MOS6 promoter (Np) sequence or the constitutively active cauliflower mosaic virus double 35S promoter. Immunoblot analysis of total protein leaf extracts was used to confirm the expression of full-length MOS6-3xHA-SII fusion proteins in two stable transgenic lines that are homozygous for a single insertion of the respective transgene ( Figure 1a ). To test whether the MOS6-3xHA-SII fusion protein is functional, transgenic Arabidopsis lines were analyzed for their defense phenotype against Pst DC3000 (DAvrPto/AvrPtoB). We used this mildly virulent Pst strain lacking the effectors AvrPto and AvrPtoB for our infection studies, because it allowed us to monitor the difference between wild-type and mos6 plants in basal resistance more robustly as compared to pathology assays with Hpa Noco2. For the infection assay, the Col eds1-2 mutant was used as a hypersusceptible control, whereas the snc1 mutant served as a control for enhanced disease resistance. The increased susceptibility of the mos6-1 mutant to Pst DC3000 (DAvrPto/AvrPtoB) was complemented by MOS6-3xHA-SII when expressed by either Np or 35S, suggesting that the fusion protein is functional (Figure 1b) . To obtain additional evidence for the functionality of the MOS6-3xHA-SII fusion protein, snc1 mos6-1 double mutants were transformed with Np::MOS6-3xHA-SII and 35S::MOS6-3xHA-SII, respectively. Whereas snc1 single mutants have curly leaves and are stunted, snc1 mos6-1 plants are of intermediate size between Col-0 and snc1 and have leaves that are less curly than snc1 (Figure 1c ; Palma et al., 2005) . This partial suppression of the snc1 phenotype by mos6-1 was reverted back to snc1-like morphology by the expression of MOS6-3xHA-SII in snc1 mos6-1 under the control of both Np and 35S (Figure 1c) . The re-establishment of the snc1 autoimmune morphology by the expression of MOS6-3xHA-SII further indicates that this fusion protein is fully functional.
The stable transgenic Arabidopsis line #16-11 expressing MOS6-3xHA-SII under control of the 35S promoter in the mos6-1 background (Figure 1 ) was used for StrepII-affinity purification, based on higher levels of the MOS6-3xHA-SII fusion protein detected by silver staining of the SDS gel when compared with levels expressed under control of the native MOS6 promoter (arrow in Figure S1 ). Two-week-old transgenic plants and Col-0 controls (expressing untagged MOS6) were inoculated with Hpa Noco2 to induce an interaction between MOS6 and potential defense-related interaction partners, and StrepII-affinity purification was carried out 8 days after inoculation when conidiophore formation and pathogen sporulation was visible all over the infected leaves. As MOS6 was shown to interact with the Hpa effector HaRxL106 (Wirthmueller et al., 2015) , we reasoned further that using Hpa Noco2-infected leaf tissues might also allow us to identify additional Hpa effector proteins that interact with MOS6 either for nuclear import or to interfere with its function as an NTR. Separation by SDS-PAGE and analysis by silver staining of SDS gels revealed several differential bands in the MOS6-3xHA-SII transgenic line that were absent in the Col-0 control (Figure 2 ). Whole lanes of the silver-stained gel were cut into six pieces for in-gel tryptic digestion and subsequent LC-MS/MS analysis. For protein identification, raw MS data files were analyzed with PROTEOME DISCOVERER (ThermoFisher Scientific, https://www. thermofisher.com), running the Sequest and Mascot search engines against the Arabidopsis TAIR10 fasta database. Two missed cleavage sites and mass deviations up to 10 ppm for MS and 0.8 Da for MS 2 were considered.
Only peptides with strict target false discovery rate (FDR) values of 0.01 or below were considered, and protein identification required at least two unique high-scoring peptides. The subtraction of peptide hits derived from LC-MS/ MS analyses of corresponding Col-0 samples from peptides purified from transgenic plants yielded the proteins that putatively interacted with MOS6-3xHA-SII. A list of 56 proteins that exclusively co-purified with MOS6-3xHA-SII in at least two of three independent biological experiments is shown in Appendix S2. MOS6-interacting proteins were selected for further functional analysis based on the following criteria: (i) prediction of subcellular localization in the nucleus and/or cytoplasm; (ii) transcription in rosette leaf tissue; and (iii) indication for an involvement in nucleocytoplasmic transport [Appendix S2 (bold); Figure 3a ].
In summary, a total of 13 MOS6-interaction candidates were selected for further analysis from both the in silico analysis and the affinity purification approach of in plantaexpressed MOS6-3xHA-SII. These 13 candidates are listed in Figure 3 (a) according to their functional category: nucleoporins, karyopherins, transcription factors and R-like proteins of the TIR-NB/TIR-NB-LRR family.
The TIR-NBS type protein TN13 is required for basal resistance
To investigate whether the MOS6 interaction candidates are involved in plant immunity, homozygous T-DNA insertion mutants were isolated via PCR-based genotyping and for each candidate a mutant line showing disruption of fulllength transcripts was inoculated with Pst DC3000 (DAvrPto/ AvrPtoB) (Figures 3b, c and S2a) . Resistance against Pst DC3000 (DAvrPto/AvrPtoB) did not significantly differ from that of the wild type in any of the candidate mutants, except for tn13 (GABI_154D04) that shows enhanced susceptibility against this mildly virulent Pst strain to an extent comparable with mos6-1 (Figure 3b ,c). To validate the phenotype of the tn13 mutant (tn13-1, GABI_154D04), we isolated an additional homozygous T-DNA mutant allele of tn13 (tn13-2, SALK_044806; Figure 4a ), and confirmed the absence of Figure 1 . Transgenic expression of MOS6 fused to a 3xHA-StrepII tag complements mos6-1 mutant phenotypes. (a) Immunoblot analysis of total protein extracts derived from 4-week-old stable transgenic mos6-1 plants expressing MOS6 with a C-terminal 3xHA-StrepII (3xHA-SII) tag under the control of the native MOS6 promoter (Np) and the 35S promoter, respectively. Col-0 was included as the wild-type control. Numbers represent homozygous transgenic lines expressing a single insertion of the indicated construct. Blots were probed with hemagglutinin (HA) antibody and Ponceau S staining of the membrane was used to monitor equal loading. (b) Transgenic expression of MOS6::3xHA-SII in mos6-1 complements the enhanced susceptibility of mos6-1 to Pst DC3000 (DAvrPto/ AvrPtoB). Five-week-old plants of the indicated genotypes were vacuum-infiltrated with a bacteria suspension of Pst DC3000 (DAvrPto/AvrPtoB) at 1 9 10 5 colony forming units (cfu) ml À1 . To quantify bacterial growth, leaf discs within the inoculated areas were taken 1 h (d0) and 3 days after infection (d3). Bars represent mean values of viable bacteria per cm 2 of leaf tissue +SDs, using two replicate samplings for d0 (white bars) and three replicate samplings for d3 (black bars). Different letters indicate statistically significant differences between genotypes (one-way ANOVA; Tukey's test, P < 0.05). Col eds1-2 and snc1 are hypersusceptible and resistant controls, respectively. The experiment was repeated twice with similar results. (c) Transgenic expression of MOS6::3xHA-SII complements partial suppression of the stunted growth of snc1 by mos6-1. Morphology of 5-week-old soil-grown Col-0, mos6-1, snc1, snc1 mos6-1 and homozygous transgenic plants expressing a single insertion of MOS6::3xHA-SII under the control of the native MOS6 promoter (Np) or the 35S promoter in the mos6-1 and snc1 mos6-1 mutant backgrounds, respectively. Scale bar: 1 cm. [Colour figure can be viewed at wileyonlinelibrary.com].
TN13 full-length transcripts for both tn13-1 and tn13-2 by RT-PCR, using multiple primer combinations that either flank the T-DNA insertion or bind upstream or downstream of the inserted T-DNA ( Figure S2b ). We found that both tn13 mutants are compromised in basal resistance against Pst DC3000 (DAvrPto/AvrPtoB) to a level seen for mos6-1 (Figure 4b) . We also inoculated the tn13 mutants with Pst DC3000 expressing the effector proteins AvrRps4 or AvrRpm1 that are recognized by the TNL protein RPS4 and the CNL protein RPM1, respectively, but we did not observe a significant alteration in resistance of the tn13 mutants to these avirulent Pst strains when compared with the wildtype control (Figure 4c,d ). In addition, we did not observe an enhanced susceptibility of tn13-1 and tn13-2 in response to the avirulent Hpa isolates Cala2 and Emwa1 that are recognized in Col-0 by the TNL R proteins RPP2 and RPP4, respectively (Figure 4e,f). As mutations in MOS6 suppress the stunted growth phenotype of the TNL autoimmune mutant snc1 (Palma et al., 2005) , we tested whether a mutation in the MOS6 interacting candidate TN13 also suppresses this snc1 autoimmune phenotype; however, snc1 tn13-1 double mutant plants are indistinguishable from the snc1 single mutant (Figure 4g ). Together, these results demonstrate that the predicted TIR-NBS protein TN13 is required for basal resistance to Pst DC3000 (DAvrPto/AvrPtoB), but is dispensable for immunity conferred by the CNL protein RPM1, the TNL proteins RPS4, RPP2 and RPP4, and for the growth inhibition of the TNL autoimmune mutant snc1.
TN13 interacts with MOS6 in planta but not with its closest homolog IMPORTIN-a6
We next investigated whether TN13 and MOS6 interact in planta, using transient expression in Nicotiana benthamiana and co-immunoprecipitation (co-IP) analysis. In addition, the transient expression system was used to test whether the closest homolog of MOS6, IMPORTIN-a6 (IMPa6), also interacts with TN13. For this purpose the genomic sequence of TN13 without stop codon was amplified from Col-0 genomic DNA and cloned into a binary vector that allows the expression of TN13 with a C-terminal CFP tag under the control of the 35S promoter. CFP-tagged TN13 fusion proteins were transiently co-expressed in N. benthamiana with 35S promoter-driven MOS6-3xHA-SII or IMP-a6-3xHA-SII, respectively. A construct expressing b-glucuronidase (GUS)-CFP under the control of the 35S promoter was used as a negative control for our co-IP analyses using GFP-Trap â magnetic particles (Chromotek, http://www.chromotek.com). To monitor the abundance of fusion proteins after transient co-expression, total protein (input) fractions were probed with a-GFP (for TN13-CFP and GUS-CFP fusion proteins) or a-HA (for MOS6-3xHA-SII and IMP-a6-3xHA-SII) in immunoblot analyses ( Figure 5 ). In addition, we confirmed the expression of all full-length fusion proteins and the absence of truncated proteins or free CFP by immunoblot analysis ( Figure S3 ; also with respect to subsequent subcellular localization studies of TN13-CFP described below). The analysis of immunoprecipitated samples by a-GFP immunoblot was used to monitor the efficient precipitation of TN13-CFP and GUS-CFP fusion proteins ( Figure 5 ). The detection of protein bands corresponding either to MOS6-3xHA-SII or IMP-a6-3xHA-SII with a-HA was used to reveal the co-immunoprecipitation of these importins with CFP-tagged TN13 or GUS (Figure 5 ). MOS6-3xHA-SII successfully co-immunoprecipitated with TN13, demonstrating that MOS6 is able to interact with TN13 in planta ( Figure 5 ). In contrast, we did not detect an interaction between TN13 and the closest MOS6 homolog, IMP-a6 ( Figure 5 ), suggesting selective binding of TN13 to MOS6 when transiently co-expressed in N. benthamiana. 
Protein domain predictions and subcellular localization of TN13
The predicted TIR-NBS protein TN13 is an in planta interactor of MOS6/IMP-a3, and is required for full resistance against the bacterial pathogen Pst DC3000 (DAvrPto/AvrPtoB). To assess the presence of intrinsic functional protein modules in TN13, the INTERPROSCAN 5 protein domain prediction tool was used (http://www.ebi.ac.uk/Tools/pfa/iprsca n5; Zdobnov and Apweiler, 2001; Goujon et al., 2010) . In addition to the TIR and NBS domains, an N-terminal hydrophobic transmembrane helix was predicted that might be involved in membrane insertion (Figures 6a and  S4 ). Interestingly, two bipartite NLSs that could mediate the interaction with MOS6 were predicted by the CNLS MAP-PER tool (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Ma pper_form.cgi; Kosugi et al., 2009; Figures 6a and S4) . In order to investigate the subcellular localization of TN13, the TN13-CFP fusion protein construct that was used to validate the interaction with MOS6 in planta by co-IP analysis (Figures 5 and S3 ) was expressed transiently in N. benthamiana. Subsequent confocal laser scanning microscopy (CLSM) revealed a reticulate, network-like localization pattern in addition to a fluorescence signal surrounding (but not inside) the nucleus, suggesting localization at the ER, and possibly at the nuclear envelope (NE) that is continuous with the ER (Figure 6b ). To validate this hypothesis, an established ER-marker (ER-yk; Nelson et al., 2007) was co-expressed with TN13-CFP in N. benthamiana for 2 days. CLSM analysis showed that TN13-CFP co-localized with the ER-yk marker protein (Figure 6c ). The localization of TN13 to the ER membrane is consistent with the predicted hydrophobic transmembrane domain at its N terminus (Figures 6a and S4 ).
DISCUSSION
Translocation of NLS-containing proteins from the cytoplasm into the nucleus is generally mediated by a-importins that recognize and bind to cargos in the cytoplasm and link them to importin-b, which facilitates the passage of the ternary complex through NPCs into the nucleus. In plants, importin-a cargo selectivity has been demonstrated for some pathogen effector proteins that co-opt the nuclear import machinery of the host cell for delivery into the nucleus (Kanneganti et al., 2007; Bhattacharjee et al., 2008; Bai et al., 2009; Mukhtar et al., 2011; Wirthmueller et al., 2015) . By contrast, there is little information on the specific binding of plant cargos that are involved in cellular defense signaling to importin-a. IMPORTIN-a3/MOS6 is one of nine importin-a paralogs in Arabidopsis that is required genetically for snc1-mediated autoimmunity and basal resistance against Hpa Noco2 and Pst DC3000 DAvrPto/AvrPtoB (Palma et al., 2005; Wirthmueller et al., 2013 Wirthmueller et al., , 2015 , suggesting that MOS6 mediates the nuclear import of defense-regulatory cargos.
In this study, we combined in silico database searches and mass spectrometry after affinity purification of MOS6 of the indicated genotypes were vacuum-infiltrated with a bacteria suspension [1 9 10 5 colony forming units (cfu) ml À1 ] of Pst DC3000 lacking the effector proteins AvrPto and AvrPtoB (b), Pst DC3000 expressing the effector AvrRps4 (c) or Pst DC3000 expressing the effector AvrRpm1 (d), and bacterial growth was quantified at day 0 (d0, white bars) and day 3 (d3, black bars), as described in Figure 1b . Error bars denote SDs and different letters indicate statistically significant differences between genotypes (one-way ANOVA; Tukey's test, P < 0.05). Col eds1-2 (b, c) or ndr1-1 (d) plants were used as hypersusceptible controls, and snc1 was used as a resistant control. Experiments were repeated twice with similar results. (e, f) Plants (2 weeks old) of the indicated genotypes were sprayinoculated with Hyaloperonospora arabidopsidis isolates Cala2 (e) or Emwa1 (f) at a concentration of 4 9 10 4 conidiospores ml À1 water and sporulation levels were quantified 6 days after inoculation. Error bars denote SDs and different letters indicate statistically significant differences between genotypes (one-way ANOVA; Tukey's test, P < 0.05). Cala2 is recognized by RPP2 in Col-0 but is virulent on Ler-0. Emwa1 is recognized by RPP4 in Col-0 but is virulent on Ws-0. Col eds1-2 was used as a susceptible mutant control. Experiments were repeated twice with similar results. (g) A T-DNA insertion in TN13 does not suppress snc1-related growth inhibition. Plants of the indicated genotypes were grown in parallel on soil for 7 weeks under long-day conditions (16-h photoperiod). Scale bar: 1 cm. [Colour figure can be viewed at wileyonlinelibrary.com].
protein complexes from Hpa Noco2-infected Arabidopsis leaf tissues to identify immunoregulatory cargo substrates and interaction partners of MOS6. Out of 13 interaction candidates analyzed by reverse genetics, only TN13 was required for full basal resistance to Pst DC3000 DAvrPto/ AvrPtoB (Figure 3) , albeit we were able to confirm the interaction of most candidates with MOS6 by co-IP analysis after transient co-expression in N. benthamiana ( Figure S5 ). However, we cannot exclude the possibility of genetic redundancies in resistance against Pst DC3000 (DAvrPto/ AvrPtoB) for candidate genes that are part of larger gene families. TN13 contains predicted TIR-NB (TN) domains, but is lacking a C-terminal LRR domain commonly found in plant TIR-NB-LRR (TNL) R proteins (Meyers et al., 2002; Nandety et al., 2013 ; Figure 5 ). Typically, TNL proteins function as immune receptors that recognize pathogen effectors and engage the nucleocytoplasmic defense regulator EDS1 to trigger ETI (Aarts et al., 1998; Feys et al., 2005) . The Arabidopsis Col-0 reference genome contains a multitude of predicted TIR domain-encoding genes, including classical TNLs, 30 TIR-unknown site/domain (TX) and 21 TN proteins (Meyers et al., 2003; Nandety et al., 2013) . TN and TX proteins have been hypothesized to function as adapters in plant defense signaling, similar to TIRcontaining MyD88 and MyD88-adapter like (Mal) adapter proteins in mammalian and Drosophila innate immunity (Medzhitov et al., 1998; Horng and Medzhitov, 2001; Meyers et al., 2002 Meyers et al., , 2003 , and were proposed to fine-tune ETI (Griebel et al., 2014) . Although the systematic analysis of TN-encoding genes in Arabidopsis implies a role in plant defense (Meyers et al., 2002; Nandety et al., 2013) , the specific functions of TN proteins are just beginning to emerge. For example, TN2 was identified as an essential component of enhanced resistance and HR-like cell death activated in exo70B1-3, a loss-of-function mutant of a subunit of the exocyst complex that is involved in vesicle exocytosis (Zhao et al., 2015) . As TN2 interacts with EXO70B in a yeast two-hybrid assay and transient assays in N. benthamiana, Zhao et al. (2015) proposed that TN2 acts as part of an immune receptor complex that monitors the integrity of EXO70B1 and activates plant immunity upon pathogeninduced manipulations of the plant's secretion machinery. TN2 occurs in a genomic cluster with TN1/CHS1 and the TNL gene SOC3 and, interestingly, SOC3 interacts with TN1/CHS1 and is required for temperature-dependent autoimmunity activated in chs1 mutant plants (Zhang et al., 2016) . Constitutive overexpression of TN2 in stable transgenic Arabidopsis results in stunted plant growth, and certain TN proteins or truncated TNLs lacking their LRR domains induce EDS1-and SA-dependent HR-like responses when overexpressed transiently in N. benthamiana (Weaver et al., 2006; Swiderski et al., 2009; Nandety et al., 2013) . We did not observe spontaneous cell death upon transient expression of TN13-CFP, suggesting that overexpression of TN13 alone is not sufficient to trigger cell death in N. benthamiana. Consistently, Nandety et al. (2013) reported that the overexpression of TN13 in N. benthamiana and Arabidopsis Col-0 plants did not induce cell death or lead to aberrant plant growth phenotypes, respectively. The gene expression of TN13 is induced upon exogenous treatment of plants with SA, suggesting that TN13 is involved in SA-dependent defense pathways (Nandety et al., 2013) . Genetically, TN13 is not required for growth retardation of the TNL autoimmune mutant snc1 that accumulates high levels of SA and requires the TN13 interactor MOS6 for the full manifestation of autoimmunity (Figures 4g and 1c ; Palma et al., 2005) ; however, T-DNA insertion mutants of TN13 are compromised in basal resistance to Pst DC3000 DAvrPto/AvrPtoB (Figure 4b ). Interestingly, Nandety et al. (2013) reported that TN13 interacts with the Pst effector HopY in yeast two-hybrid analysis. This suggests a hypothetical role for TN13 as either an effector sensor or effector target, which would be consistent with its involvement in basal resistance against Pst Figure 5 . TN13 and MOS6 interact selectively in planta. 3xHA-StrepIItagged MOS6 or its closest homolog IMP-a6 were transiently co-expressed with CFP-tagged TN13 or GUS control in Nicotiana benthamiana. At 2 days post-infiltration (2 dpi) with Agrobacterium tumefaciens, CFP-tagged proteins were immunoprecipitated using GFP-Trap â magnetic particles (IP: a-GFP), and co-immunoprecipitation of 3xHA-StrepII-tagged MOS6 or IMP-a6 was detected by a-HA immunoblots. Mock-treated N. benthamiana leaves were infiltrated with an A. tumefaciens strain carrying the silencing suppressor p19 that was co-infiltrated with the A. tumefaciens strains carrying the desired expression constructs. The top two gels show total protein extracts (Input) probed with a-GFP and a-HA, respectively. Ponceau S staining of the membrane was used to show equal loading. Similar results were obtained in three independent experiments. DC3000 DAvrPto/AvrPtoB (Figure 4b ). The function of HopY and whether it associates with TN13 in planta is not known. As TN13 has a predicted domain structure of an R-like protein, it is conceivable that TN13 mediates ʹweak ETIʹ as part of the basal defense response (Jones and Dangl, 2006) . Different subcellular localizations have been reported for TN proteins, such as the nucleus, the cytoplasm and the plasma membrane, suggesting functional diversity of TN family members (Nandety et al., 2013; Wang et al., 2013; Zhao et al., 2015; Zhang et al., 2016) . We show that TN13-CFP localizes to the ER when expressed transiently for 2 days in N. benthamiana (Figure 6 ). Albeit we do not yet know whether the TN13-CFP fusion protein is fully functional, the localization of TN13 to the ER membrane that is continuous with the membrane of the NE is consistent with the presence of a predicted N-terminal hydrophobic transmembrane helix (Figures 6a and S4) . Interestingly, the TNL-type R protein RPP1-WsA shares~52% identity on the amino acid level with TN13, and also contains a stretch of hydrophobic amino acids at its N terminus that directs the protein into ER and Golgi membranes ( Figure S4 ; Weaver et al., 2006; Takemoto et al., 2012) . During pathogen infection the host plant's endomembrane trafficking is reorganized for the secretion of defense proteins into the apoplast (Wang et al., 2005; Teh and Hofius, 2014) . NLRs and truncated NLRs that locate to endomembrane compartments, such as the ER or the Golgi system, may therefore play a role in sensing perturbations of the host 0 s secretory system caused by pathogenic effectors (Takemoto et al., 2012; Zhao et al., 2015) .
It should be noted that TN13 was initially uncovered as a MOS6 interactor by in silico analysis of the yeast twohybrid based PPIN-1 database (Mukhtar et al., 2011) , but was not among the proteins that were identified in our MOS6 affinity-purification approach (Appendixes S1 and S2; Figure 3a) . Moreover, the partial suppression of snc1-mediated phenotypes by mos6-1 (Figure 1 ; Palma et al., 2005) implies a role of MOS6 in the nuclear transport of either the auto-active SNC1 itself or an essential downstream regulator, such as the nucleocytoplasmic EDS1 (Li et al., 2001) . Like TN13, neither SNC1 nor EDS1 or other known defense regulators were identified in MOS6 affinity purifications from Hpa Noco2-infected tissues. We also did not identify the known MOS6 interactor HaRxL106 (Wirthmueller et al., 2015) or other Hpa Noco2 effector proteins. Generally, this might be because of the fact that the interactions of a-importins with their cargos are transient (e.g. cargo proteins are released inside the nucleus), and defense proteins as well as pathogenic effectors are typically of low abundance. Also, we cannot exclude the possibility that MOS6 interactions at earlier time points during infection with Hpa Noco2 or those that exist only in unchallenged tissues might have been missed. For EDS1, we reason further that this could be because of its relatively weak nuclear accumulation in basal defense responses compared with TNL-mediated resistance or snc1-dependent autoimmunity (Garcia et al., 2010) . We speculate that nuclear import rates of EDS1 might have been too low for detection by mass spectrometry after MOS6 affinity purification, or that nuclear import of EDS1 operates independently of MOS6. The affinity purification was conducted with transgenic plants expressing MOS6-3xHA-StrepII in the mos6-1 mutant background that lacks the auto-active SNC1 variant but expresses wild-type SNC1. Auto-active SNC1 harbors an E 552 K mutation in close proximity to a predicted NLS and NES, and its nuclear accumulation is required for the autoimmune phenotype of snc1 plants (Cheng et al., 2009 ). Thus, it will be interesting to test whether MOS6 is able to bind the auto-active SNC1 and to identify MOS6 cargos upon constitutive activation of TNLtriggered immunity, using the snc1-like transgenic plants that express MOS6-3xHA-StrepII in snc1 mos6-1 (Figure 1c) .
Using co-IP assays after transient expression in N. benthamiana we show that TN13 interacts selectively with MOS6 in planta ( Figure 5 ). MOS6 localizes to the cytoplasm and the nucleus, and belongs to the importin-a protein family that binds to NLS-containing cargo proteins in the cytoplasm and releases them upon delivery into the nucleus (Palma et al., 2005; Wirthmueller et al., 2013) . Therefore, we speculate that the interaction of MOS6 and TN13 should occur on the cytoplasmic side of the ER membrane. This idea was further substantiated when we used bimolecular fluorescence complementation (BiFC) as an independent assay to validate the interaction between TN13 and MOS6, and observed YFP fluorescence at the ER and around the nucleus ( Figure S6 ). The interaction between TN13 and MOS6 is consistent with the presence of two predicted NLSs in the TIR and NBS domains of TN13 (Figures 6a and S4) ; however, we did not observe an obvious localization of TN13-CFP in the nucleoplasm when expressed transiently for up to 3 days in N. benthamiana. Therefore, the localization of TN13 to the ER membrane and its association with the nuclear import receptor MOS6 raises the possibility that nuclear accumulation of TN13 is stimulus dependent, and suggests that infiltration with Agrobacteria for transient expression is either not an appropriate stimulus or is a stimulus that is too weak. As TN13 binds to the Pst effector HopY in yeast (Nandety et al., 2013) , and is required for basal resistance to Pst DC3000 DAvrPto/AvrPtoB (Figure 4b ), the interaction of Arabidopsis plants with Pst expressing HopY or activation of a basal defense pathway might be two potential stimuli that trigger TN13 nuclear translocation.
This study identified the truncated NLR protein TIR-NBS13 as a new component of plant immunity and in planta interaction partner of the importin-a3, MOS6. Remarkably, TN13 interacts with MOS6, but not with the closely related IMPORTIN-a6, when co-immunoprecipitated after Agrobacterium-mediated transient expression in N. benthamiana leaves ( Figure 5 ; Wirthmueller et al., 2013) , implying MOS6 cargo selectivity in plant nucleocytoplasmic defense signaling. Therefore, the comparably high number of nine a-importins in Arabidopsis may reflect adaptation towards a complex and/or stimulus-specific regulation of nuclear import pathways, rather than a generally redundant nuclear protein import machinery. Future research on identifying biochemical and genetic interactors of TN13 and exploring its subcellular dynamics in response to pathogen attack will broaden our understanding of cellular defense signal transduction in plants.
EXPERIMENTAL PROCEDURES Plants and growth conditions
Arabidopsis thaliana plants were grown in soil at 22°C with an 8-h photoperiod in environmentally controlled chambers. Nicotiana benthamiana plants were grown in environmentally controlled chambers at 25°C with a 16-h photoperiod. The mos6-1, snc1 and Col eds1-2 mutants have been described previously (Zhang et al., 2003; Palma et al., 2005; Bartsch et al., 2006) . T-DNA insertion mutants were obtained from the Nottingham Arabidopsis Stock Centre (NASC, http://arabidopsis.info), and homozygous mutant lines were identified by PCR-based genotyping using primers flanking the insertion. Transgenic mos6-1 plants expressing MOS6-3xHA-StrepII under the control of the native MOS6 promoter (Np) or the 35S promoter were generated by transforming mos6-1 mutants with Agrobacterium tumefaciens strain GV3101 pMP90RK carrying the binary vectors pXCG Np::MOS6::3xHA-StrepII or pXCSG 35S::MOS6::3xHA-StrepII (for vector construction details, see below), using the floral-dip method (Clough and Bent, 1998) .
Pathogen assays
For bacterial growth assays, suspensions of Pst DC3000 (DAvrPto/ AvrPtoB) (Lin and Martin, 2005) , Pst DC3000 (AvrRps4) or Pst DC3000 (AvrRpm1) (Aarts et al., 1998) were vacuum-infiltrated into the rosette leaves of five 5-week-old soil-grown plants at 1 9 10 5 cfu ml À1 10 mM MgCl 2 and 0.001% (v/v) Silwet L-77 for inoculation. Bacterial titers were determined at 1 h (d 0 ) and 3 days (d 3 ) after inoculation, using two replicate samplings for d 0 and three replicate samplings for d 3 . Hyaloperonospora arabidopsidis isolates Cala2 and Emwa1 (Aarts et al., 1998) were spray-inoculated onto 2-week-old soil-grown seedlings at a concentration of 4 9 10 4 conidiospores ml À1 water. For each Arabidopsis genotype tested, 40-50 seedlings were inoculated per experiment. Six days after inoculation, spores were harvested from all seedlings and counted under a light microscope using a ʹNeubauer improvedʹ counting cell chamber with sporulation levels expressed as the number of conidiospores per gram of leaf tissue.
Construction of plasmids
A binary vector construct for the expression of MOS6-3xHA-StrepII under the control of the endogenous MOS6 promoter was generated by PCR amplification of a Col-0 genomic DNA fragment containing the MOS6 coding region, without the stop codon and 1.5 kb upstream of the start codon, using the primers prom-MOS6.D-TOPO.F (5 0 -CACCATTGTAATTCTATTCACTGAAGC-3 0 ) and gMOS6.R.Dstop (5 0 -AATAAAGTTGAATTGACCAGGAGG-3 0 ). The fragment was cloned into pENTR/D-TOPO (Invitrogen, now ThermoFisher Scientific, https://www.thermofisher.com) and sequenced, and an LR reaction was made with the binary destination vector pXCG-3xHA-StrepII (Witte et al., 2004) to generate the expression vector pXCG Np::MOS6::3xHA-StrepII. Binary vectors for the expression of MOS6-3xHA-StrepII, IMPORTIN-a6-3xHA-StrepII and TN13-CFP, under the control of the 35S promoter, were generated by PCR amplification of the coding regions of the respective genes without stop codons from Col-0 genomic DNA, using the primers gMOS6.D-TOPO.F (5 0 -CACCATGTCTCTCAGACC-TAGCGCGAAGACG-3 0 ) and gMOS6.R.Dstop for MOS6/At4g02150, gIMPa6.D-TOPO.F (5 0 -CACCATGTCTTACAAACCAAGC-3 0 ) and gIMPa6.R.Dstop (5 0 -ACCAAAGTTGAATCCACCC-3 0 ) for IMPORTIN-a6/ At1g02690 and gTN13.D-TOPO.F (5 0 -CACCATGGATTCT-TATTTTTTCC-3 0 ) and gTN13.R.Dstop (5 0 -ATGATTCAACGACTCC GC-3 0 ) for TN13/At3g04210. The intron-containing b-glucuronidase (GUS) gene was PCR-amplified without stop codon from a pBIN19-derived vector construct (Vancanneyt et al., 1990) , using the primers GUS.D-TOPO.F (5 0 -CACCATGTTACGTCCTGTA-GAAACCC-3 0 ) and GUS.R.Dstop (5 0 -TTGTTTGCCTCCCTGC-3 0 ). All fragments were cloned into pENTR/D-TOPO and sequenced, and an LR reaction was made with the binary destination vectors pXCSG-3xHA-StrepII (Witte et al., 2004) or pXCSG-CFP (Feys et al., 2005) to generate the expression vectors pXCSG 35S:: MOS6::3xHA-StrepII, pXCSG 35S::IMP-a6::3xHA-StrepII, pXCSG 35S::TN13::CFP and pXCSG 35S::GUS+intron::CFP, respectively. For BiFC analysis LR reactions were made between pENTR/D-TOPO containing gMOS6Dstop or gTN13Dstop and the binary destination vectors pBaTL-YFPn and pBaTL-YFPc, respectively (Uhrig et al., 2007) .
StrepII affinity purification and mass spectrometry
StrepII affinity purification from 2 g of 3-week-old Arabidopsis leaf material was carried out according to Witte et al. (2004) , using StrepTactin â -Macroprep â resin (IBA, https://www.iba-lifesciences.c om). Proteins were separated by SDS-PAGE and silver staining of SDS gels and in-gel tryptic digestion were conducted as described by Shevchenko et al. (1996) . LC-MS analysis for protein identification was performed on an Orbitrap Velos Pro TM Hybrid Ion TrapOrbitrap mass spectrometer. Peptide solutions (1-5 ll) were loaded and washed on a pre-column (10 lm 9 2 cm, C18, 3 lm, 100 A) with 100% loading solvent A (98% H 2 O, 2% acetonitrile, 0.07% trifluoracetic acid, TFA) at a flow rate of 25 ll min À1 for 6 min. Peptides were separated by reverse-phase chromatography on an analytical column (75 lm 9 15 cm, C18, 3 lm, 100 A) with a gradient from 98% solvent A (H 2 O, 0.1% formic acid) and 2% solvent B (80% acetonitrile, 20% H 2 O, 0.1% formic acid) to 42% solvent B for 95 min, and to 65% solvent B for the following 26 min at a flow rate of 300 nl min
À1
. Peptides eluting from the chromatographic column were on-line ionized by nanoelectrospray at 2.4 kV with the Nanospray Flex Ion Source (ThermoFisher Scientific). Full scans of the ionized peptides were recorded within the Orbitrap FT analyzer of the mass spectrometer within a mass range of 300-1600 m/z at a resolution of 30 000. Collision-induced dissociation (CID) fragmentation of data-dependent top-five peptides was performed within the LTQ Velos Pro linear ion trap. Method programming and MS data acquisition was performed with XCALIBUR 2.2 (ThermoFisher Scientific). Protein identification was performed with PROTEOME DIS-COVERER TM 1.3.0.339 (ThermoFisher Scientific). An Arabidopsis TAIR10 fasta database was used for the search with the SequestHT algorithm. The digestion mode trypsin/P was used, the maximum missed cleavage sites were set to two, carbamidomethylation of cysteins was considered a fixed modification, and acetylation of the N terminus and oxidation of methionines were set as variable modifications. The mass tolerance was 10 ppm for precursor ions and 0.8 Da for fragment ions. The decoy mode was revert with a false-discovery rate (FDR) of 0.01. Protein identification required two distinct high scoring peptides (FDR 0.01).
Transient expression in N. benthamiana, coimmunoprecipitation and immunoblot analysis Agrobacterium-mediated transient expression of the desired fusion proteins in N. benthamiana and immunoprecipitation using GFPTrap_M magnetic particles (Chromotek) was carried out as described by Genenncher et al. (2016) using leaf material that was harvested 2 days after infiltration of A. tumefaciens. For immunoblot analysis, proteins were separated by SDS-PAGE on 10% gels and transferred onto nitrocellulose membranes (Amersham Protran, 0.45 lm; GE Healthcare Life Sciences, http://www.gelifescie nces.com). Membranes were incubated with the monoclonal antibodies a-GFP (11814460001; Roche, http://www.roche.com), a-HA (H9658; Sigma-Aldrich, https://www.sigmaaldrich.com) or a-Myc (#2276; Cell Signaling, https://www.cellsignal.com) and the secondary antibody goat anti-mouse IgG-HRP (#32430; ThermoFisher Scientific). HRP activity was detected using SuperSignal West Femto chemiluminescence substrate (#34095; ThermoFisher Scientific). For subcellular localization and BiFC studies, N. benthamiana leaf samples were analyzed by confocal microscopy (see below) after 2 days of Agrobacterium-mediated transient expression.
equipped with an argon ion laser (Leica, http://www.leica.com). Samples were mounted in water and confocal images were obtained at 22°C, with excitation at 514 nm for YFP (525-600 nm emission), 458 nm for CFP (465-485 nm emission) and 561 nm for chlorophyll auto-fluorescence (680-700 nm emission). Images were acquired with a Leica HyD-detector and Leica LAS AF software.
In silico analyses
The AI-1 and PPIN-1 databases were used to search for putative MOS6 interaction partners (Arabidopsis Interactome Mapping Consortium, 2011; Mukhtar et al., 2011 ; http://interactome.dfci.ha rvard.edu/A_thaliana/index.php). For NLS prediction, the CNLS MAP-PER tool was used (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Ma pper_form.cgi; Kosugi et al., 2009) . For the prediction of subcellular protein localization, the subcellular localization database for Arabidopsis proteins SUBA3 (http://suba3.plantenergy.uwa.edu.a u; Tanz et al., 2013) and the subcellular localization prediction tool YLOC+ (http://abi.inf.uni-tuebingen.de/Services/YLoc/webloc.cgi; Briesemeister et al., 2010a,b) were used. To assess whether MOS6 interactor candidates are expressed in rosette leaves, the eFP browser (http://bar.utoronto.ca; Winter et al., 2007) and the Genevestigator database (https://genevestigator.com/gv/; Hruz et al., 2008) were used. TN13 protein domains were predicted with INTER-PROSCAN 5 (http://www.ebi.ac.uk/Tools/pfa/iprscan5; Zdobnov and Apweiler, 2001; Goujon et al., 2010) .
Gene expression analyses
Total RNA was extracted from leaves of 4-week-old soil-grown plants using QIAzol â (Qiagen, https://www.qiagen.com). DNaseItreated RNA (1 lg) was reverse transcribed using RevertAid H Minus reverse transcriptase (Fermentas, now ThermoFisher Scientific, https://www.thermofisher.com) and 0.5 lg oligo(dT) 18 V primer at 42°C in a 20-ll reaction volume. Aliquots (2 ll) of 1 : 5-diluted cDNAs were used for semi-quantitative PCR. Primers used for RT-PCR analysis are listed in Table S1 .
Statistical analysis
Data are presented as means, with error bars denoting SDs (standard deviations). One-way analysis of variance (ANOVA) followed by Tukey's test was conducted for all statistical analysis using R statistical software (https://www.r-project.org). Data of bacterial propagation rates were log-transformed before analysis of variance was conducted. Different letters indicate statistically significant differences between genotypes (P < 0.05).
Figure S1 Silver-stained SDS gel of StrepII affinity-purifications from mos6-1 transgenic plants expressing MOS6-3xHA-StrepII under the control of the native MOS6 promoter or the 35S promoter. Figure S2 RT-PCR analyses of T-DNA insertion lines of genes encoding MOS6 interaction candidates. Figure S3 Immunoblot analysis showing expression of full-length fusion proteins ER-yk, TN13-CFP, GUS-CFP, MOS6-3xHA-StrepII and IMPa6-3xHA-StrepII. Figure S4 Amino acid sequence alignment of TN13 and RPP1-WsA. Figure S5 Co-immunoprecipitation analysis of MOS6 and 13 interaction candidates after transient expression in Nicotiana benthamiana. Figure S6 Bimolecular fluorescence complementation (BiFC) analysis of MOS6 and TN13. Table S1 List of gene accession numbers and oligonucleotides used for RT-PCR analysis in Figure S2 . Appendix S1 MOS6 interaction candidates identified by analysis of the yeast two-hybrid based AI-1 and PPIN-1 protein-protein interaction databases. Appendix S2 Proteins that exclusively co-purified with MOS6-3xHA-StrepII in StrepII affinity purifications.
